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Abstract 20 
Many wastewater treatment plants (WWTPs) operating in biological nitrogen removal 21 
activated sludge process in the tropics are facing the pressure of increasingly stringent effluent 22 
standards while seeking solutions to reduce the plants’ energy consumption and operating cost. 23 
This study investigated the feasibility of applying low-dissolved-oxygen (low-DO) nitrification 24 
and utilizing slowly-biodegradable chemical oxygen demand (sbCOD) for denitrification, 25 
which helps to reduce energy usage and operating cost in treating low soluble COD-to-nitrogen 26 
tropical wastewater. The tropical wastewater were first characterized using wastewater 27 
fractionation and respirometry batch tests. Then, a lab-scale sequencing batch reactor (SBR) 28 
was operated to evaluate the long-term stability of low-DO nitrification and utilizing sbCOD 29 
for denitrification in an anoxic-oxic (AO) process treating tropical wastewater. The wastewater 30 
fractionation experiment revealed that particulate settleable solids (PSS) in the wastewater 31 
provided slowly-biodegradable COD (sbCOD), which made up the major part (51 ± 10%) of 32 
the total COD. The PSS hydrolysis rate constant at tropical temperature (30ºC) was 2.5 times 33 
higher than that at 20ºC, suggesting that sbCOD may be utilized for denitrification. During the 34 
SBR operation, high nitrification efficiency (93 ± 6%) was attained at low-DO condition (0.9 35 
± 0.1 mg O2/L). Utilizing sbCOD for post-anoxic denitrification in the SBR reduced the 36 
effluent nitrate concentration. Quantitative polymerase chain reaction, 16S rRNA amplicon 37 
sequencing and fluorescence in-situ hybridization revealed that the genus Nitrospira was a 38 
dominant nitrifier. 16S rRNA amplicon sequencing result suggested that 50% of the Nitrospira-39 
related operational taxonomic units were affiliated with comammox, which may imply that the 40 
low-DO condition and the warm wastewater promoted their growth. The nitrogen removal in 41 
a tropical AO process was enhanced by incorporating low-DO nitrification and utilizing 42 
sbCOD for post-anoxic denitrification, which contributes to an improved energy sustainability 43 
of WWTPs. 44 
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1. Introduction 48 
The United Nations Sustainable Development Goal 6.3 aims to reduce water pollution 49 
globally by 2030. Despite some progress, effective wastewater treatment has not been achieved 50 
in the emerging economies, such as South America and Southeast Asia (United Nations, 2018). 51 
Preliminary estimates published by United Nations (2018) reported that only half of the 52 
domestic wastewater was safely treated in the developing nations. To address the deteriorating 53 
water quality, the major economies in Southeast Asia, such as Malaysia and Indonesia are 54 
introducing increasingly stringent effluent regulations on wastewater treatment plants 55 
(WWTPs) (Department of Environment, 2009; Ministry of Environment and Forestry, 2016). 56 
However, as a consequence energy consumption and operating cost of the WWTPs are 57 
increasing. The WWTP’s operators are facing pressure to comply with the effluent discharge 58 
regulations while pursuing best practices to reduce energy consumption and operating cost. 59 
In WWTPs operating in activated sludge process, nitrification stage is energy-intensive 60 
because aeration is required to drive the process. Past survey suggests that aerators may account 61 
for 70% of the total plant’s energy consumption (Ramli and Abdul Hamid, 2017). Hence, 62 
reducing the aeration energy consumption while maintaining the nitrification efficiency will 63 
reduce energy usage in the WWTPs. Processes which have been shown to reduce the aeration 64 
energy consumption are partial nitrification, anaerobic ammonia oxidation (anammox) and 65 
low-dissolved-oxygen (low-DO) nitrification (Tan et al., 2017; Wang et al., 2019). However, 66 
implementing partial nitrification and anammox process may pose a challenge in mainstream 67 
activated sludge processes (Cao et al., 2017). For instance, domestic wastewater has low 68 
ammonia concentration, making it difficult to enrich anammox bacteria and to suppress nitrite-69 
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oxidizing bacteria (NOB) activity through increased oxygen competition with ammonia-70 
oxidizing bacteria (AOB) (Cao et al., 2017). An alternative is low-DO nitrification, which has 71 
been demonstrated to enrich nitrifiers and support a high ammonia oxidation rate (Liu and 72 
Wang, 2013). In a short-term reactor study for 42 days, How et al. (2018) showed that 73 
nitrification is efficient under low-DO condition (<0.5 mg/L) for tropical wastewater treatment 74 
(30ºC), with a possible reduction in energy consumption of 23% when compared with the 75 
conventional nitrification process (2 mg O2/L) using mechanical aeration mechanism. More 76 
studies on the long-term stability of low-DO nitrification process in the tropical wastewater is 77 
needed. Likewise, Keene et al. (2017) reported an estimated 25% energy saving for low-DO 78 
nitrification (0.33 mg/L) when compared with high-DO nitrification (4.3 mg/L) using air 79 
sparging mechanism by blower. 80 
If nitrogen removal is required, sufficient biodegradable organics is needed to ensure 81 
efficient denitrification. Theoretically, 4.2 g of chemical oxygen demand (COD) is needed to 82 
denitrify 1 g of nitrate nitrogen (NO3-N) (Matějů et al., 1992). Readily-biodegradable COD 83 
(rbCOD) is normally present in low concentration in the wastewater (How et al., 2018; Wang 84 
et al., 2015). Plant’s operators may use external carbon sources to supplement the 85 
biodegradable organics in the reactor, but at the expense of a higher operating cost. Particulate 86 
settleable solids (PSS) are a major fraction of biodegradable COD in the wastewater, and are 87 
referred to as slowly-biodegradable COD (sbCOD). Sophonsiri and Morgenroth (2004) 88 
reported that sbCOD contributed up to 45% of the total COD in the raw wastewater. To utilize 89 
sbCOD as a source of biodegradable organics in the denitrification process, PSS must be 90 
hydrolyzed into rbCOD before being taken up by the denitrifiers (Benneouala et al., 2017; 91 
Morgenroth et al., 2002). The rate of PSS hydrolysis generally increases with temperature until 92 
its optimum. In the tropics where the wastewater can be at 30ºC, the high rate of PSS hydrolysis 93 
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may provide sufficient amount of sbCOD. Consequently, the denitrification performance may 94 
be enhanced by utilizing sbCOD fraction present in the PSS as a carbon source. 95 
This study thus aimed to evaluate the feasibility of applying low-DO nitrification and 96 
utilizing sbCOD to enhance the denitrification performance in a tropical anoxic-oxic (AO) 97 
process. Besides, we investigated the functional microbial community structure of the process. 98 
An AO reactor treating low soluble COD-to-nitrogen (COD/N) tropical wastewater (<4) was 99 
incorporated with low-DO nitrification and utilized sbCOD for denitrification. The amount of 100 
sbCOD in the wastewater was first quantified by wastewater fractionation experiment and the 101 
kinetics of PSS hydrolysis at 30ºC was evaluated by respirometry experiment. A lab-scale 102 
reactor was operated to study the long-term stability of the nitrification efficiency at low-DO 103 
condition and utilization of sbCOD on the denitrification performance. In addition, quantitative 104 
polymerase chain reaction (qPCR), fluorescence in-situ hybridization (FISH), 16S rRNA and 105 
nitrite oxidoreductase beta subunit (nxrB) amplicons sequencing were performed to examine 106 
the functional microbial community structure of the tropical sludge. 107 
2. Materials and Methods 108 
2.1. Seed sludge and raw wastewater 109 
The seed sludge used in the study was taken from the return activated sludge stream of 110 
a domestic WWTP in Kuala Lumpur, Malaysia, henceforth refer to as WWTP A. WWTP A is 111 
operating in extended aeration (EA) configuration incorporated with a pre-anoxic tank. The 112 
raw wastewater after preliminary treatment (bar screening and grit removal) from WWTP A 113 
was also sampled weekly to be used as the reactor influent in this study. The raw wastewater 114 
characteristics of WWTP A are as follows: Total COD (TCOD) 433 ± 171 mg/L, soluble COD 115 
(COD) 101 ± 22 mg/L, soluble total nitrogen (TN) 28 ± 3 mg/L, ammoniacal nitrogen (NH4-116 
N) 22 ± 3 mg/L, phosphorus as orthophosphate (PO4-P) 2.6 ± 1.1 mg/L and total suspended 117 
solids (TSS) 270 ± 170 mg/L. The raw wastewater soluble COD/N ratio was calculated using 118 
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the COD and the soluble TN data, which was 3.6 ± 0.8. The concentration of nitrite nitrogen 119 
(NO2-N) and NO3-N in the raw wastewater were undetected. All the samples were stored at 120 
4ºC before use. 121 
2.2. Wastewater fractionation experiment 122 
The wastewater fractionation experiment was performed according to the methods 123 
described by van Loosdrecht et al. (2016). The experiment involved two separate batch tests to 124 
determine the anoxic biomass yield coefficient, YOHO,ax and the concentration of sbCOD in the 125 
wastewater. A 500-mL working volume beaker was used in both YOHO,ax and sbCOD batch 126 
tests. To determine the YOHO,ax, the batch test was conducted by mixing the concentrated waste 127 
sludge from the lab-scale SBR, KNO3 solution, allylthiourea solution and the wastewater from 128 
WWTP A that was filtered through a 0.45-µm membrane filter (filtered wastewater) to form 129 
the reaction mixture. Similar composition of the reaction mixture was applied for the sbCOD 130 
quantification batch test, except that raw wastewater was used in place of the filtered 131 
wastewater. The initial compositions of the reaction mixture in both batch experiments were 132 
NO3-N 100 mg/L, allylthiourea 20 mg/L and volatile suspended solids (VSS) 3000 mg/L. The 133 
batch experiments were carried out at room condition (30 ± 2ºC). We collected mixed liquor 134 
samples from the YOHO,ax batch test every 15 minutes for COD and anion analyses (NO3
-). For 135 
the sbCOD quantification batch test, mixed liquor samples were taken every 30 minutes for the 136 
first 2 hours, followed by every 2 hours until the end of the experiment for anion analyses (NO2
- 137 
and NO3
-). The pH readings were recorded periodically from an 827 pH Lab with Primatrode 138 
(Metrohm, Switzerland). Three sets of the wastewater fractionation experiment were conducted 139 
using the wastewater samples from 21st November 2017 to 20th March 2018. 140 
The YOHO,ax of the sludge was determined from the change of NO3-N and COD from 141 
the YOHO,ax determination batch test using filtered wastewater according to Equation (1) 142 
(Tchobanoglous et al., 2014), 143 
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𝑌𝑂𝐻𝑂,𝑎𝑥 = 1 −
2.86∙∆𝑁𝑂3−𝑁
∆𝐶𝑂𝐷
 144 
Once the YOHO,ax is known, sbCOD can be calculated using Equation (2) (van 145 
Loosdrecht et al., 2016), 146 
𝑠𝑏𝐶𝑂𝐷 =
2.86
1−𝑌𝑂𝐻𝑂,𝑎𝑥
(𝑎𝑠𝑏𝐶𝑂𝐷 − 𝑎𝑒𝑛𝑑𝑜) 147 
Where asbCOD and aendo are the y-intercepts of the sbCOD degradation and the 148 
endogenous respiration lines on the NOx-N (0.6∙NO2-N + NO3-N) time profile, respectively. 149 
The sbCOD degradation and the endogenous respiration lines were fitted to the NOx-N time 150 
profile by linear regression. 151 
2.3. Respirometry experiment 152 
The respirometry experiment setup consisted of a 500-mL aerated vessel and a 100-mL 153 
closed respiration cell. The mixed liquor was circulated between the aerated vessel and the 154 
closed respiration cell. The reaction mixture in the aerated vessel was continuously aerated to 155 
maintain the DO concentration above 4 mg O2/L. The circulation of mixed liquor between the 156 
aerated vessel and the closed respiration cell was cut off at a regular interval and the DO drop 157 
in the closed respiration cell was measured for 10 minutes using an InPro6850i DO probe 158 
(Mettler-Toledo, U.S.). The DO data recording frequency was 30 seconds to accurately 159 
calculate the oxygen uptake rate (OUR). The reaction mixture was prepared by mixing the raw 160 
wastewater, allylthiourea solution and the washed sludge. The initial composition of the 161 
reaction mixture was 100 mg allylthiourea/L and 3000 mg VSS/L. The respirometry 162 
experiment was conducted at room temperature (30 ± 2ºC). Mixed liquor samples were taken 163 
at the beginning and at the end of the experiment for cation analysis (NH4
+) to confirm 164 
negligible nitrification activity. Three sets of the respirometry experiment were conducted 165 
using the wastewater samples from 21st November 2017 to 20th March 2018. 166 
(1) 
(2) 
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Simulations and parameter estimations of the hydrolytic kinetic constants based on the 167 
OUR profiles from the respirometry experiments were carried out using AQUASIM (Reichert, 168 
1994). The simulations of the hydrolysis of PSS and the aerobic growth of heterotrophic 169 
biomass were based on Activated Sludge Model No. 1 (ASM1) (Henze et al., 1987). The decay 170 
of heterotrophic biomass was modelled using the endogenous respiration concept in Activated 171 
Sludge Model No. 3 (ASM3) (Gujer et al., 1999). The process kinetics and stoichiometry are 172 
listed in Table S1 in the supplementary materials, while the nomenclatures and the adopted 173 
values for the simulation are shown in Table S2 in the supplementary materials. The initial 174 
concentrations of the rbCOD and sbCOD were determined from the wastewater fractionation 175 
experiments. The kinetic parameters for the aerobic growth and the decay of heterotrophic 176 
biomass were fixed at temperature-corrected default values at 30ºC (Gujer et al., 1999; Henze 177 
et al., 1987). 178 
2.4 Denitrification batch activity experiment 179 
Three sets of denitrification batch activity experiment were carried out using filtered 180 
wastewater, PSS in nutrient solution and blank nutrient solution, respectively. The filtered 181 
wastewater and PSS in nutrient solution provided rbCOD and sbCOD, respectively as the 182 
source of biodegradable organics for denitrification. The nutrient solution contained 1070 mg/L 183 
NH4Cl, 1460 mg/L KH2PO4, 660 mg/L MgSO4∙7H2O, 20 mg/L N-Allylthiourea and 3.33 mL/L 184 
of trace element solution adopted from Ong et al. (2012). We performed the batch test using a 185 
blank nutrient solution as control. The initial VSS and NO3-N concentrations of the reaction 186 
mixture for the three sets of experiment were 3000 mg/L and 100 mg/L, respectively. Mixed 187 
liquor samples from the batch test were taken at a regular interval for anion analyses (NO2
- and 188 
NO3
-). The DO readings were recorded using an InPro6850i DO probe (Mettler-Toledo, U.S.), 189 
while the pH readings were monitored using a 405-DPAS-SC-K851200 combination 190 
pH/temperature probe (Metter-Toledo, U.S.). 191 
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2.5. Lab-scale SBR operation 192 
A SBR with a working volume of 2 L was used in this study, with an initial total 193 
suspended solids (TSS) concentration of 2500 mg/L. The domestic wastewater sampled weekly 194 
from the WWTP was fed into the reactor as influent. The SBR was operated consecutively for 195 
270 days in four different operating phases (Table 1). In Phase 1 (P1), the SBR was operated 196 
in a conventional AO configuration with a DO concentration of 1.7 ± 0.2 mg/L in the oxic 197 
phase. The DO concentration in the oxic phase was subsequently reduced to 0.9 ± 0.1 mg/L 198 
during Phase 2 (P2) to assess the long-term effect of DO reduction on the AO process. In P1 199 
and P2, supernatant of the raw wastewater (henceforth referred to as settled wastewater) was 200 
used as the reactor feed. From Phase 3 (P3) onwards, raw wastewater without subjecting to 201 
settling was used as the reactor feed. The process was modified into a low-DO-AOA 202 
configuration in Phase 4 (P4) with the incorporation of a post-anoxic denitrification stage to 203 
encourage nitrate removal. 204 
The 12-hour SBR cycle consisted of 5 minutes filling phase, 180 minutes anoxic phase, 205 
480 minutes oxic phase, 50 minutes settling phase, 4 minutes decanting phase and 1 minute 206 
idling phase. In P4, the oxic phase was shortened to 240 minutes and an equal time period of a 207 
post-anoxic phase was configured after the oxic phase. The hydraulic retention time (HRT) 208 
was maintained at 24 hours by withdrawing the effluent at a rate of 1 L/cycle during the 209 
decanting phase. The sludge withdrawal rate was set at 50 mL/cycle to achieve a sludge 210 
retention time (SRT) of 20 days. The operating temperature of the SBR was at room 211 
temperature (30 ± 2ºC). The DO concentration, the pH and the temperature were monitored 212 
on-line using an InPro6850 DO probe (Mettler-Toledo, U.S.) and a 405-DPAS-SC-K851200 213 
combination pH/temperature probe (Mettler-Toledo, U.S.). The DO concentration was 214 
controlled using a built-in solenoid valve of Winpact FS-06 Series fermenter (Major Science, 215 
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U.S.). We collected mixed liquor samples at a regular interval to show the evolution of nitrogen 216 
species and biodegradable organics concentrations in the reactor. 217 
2.6. Chemical analyses 218 
Mixed liquor samples were analyzed for TSS and VSS according to the standard 219 
methods (APHA/AWWA/WEF, 1998). The mixed liquor samples were filtered through a 0.2-220 
µm membrane filter and analyzed for the concentrations of NO2
-, NO3
- and NH4
+ using an 861 221 
Advanced Compact Ion Chromatography (Metrohm, Switzerland). The COD of the samples 222 
was analyzed using a high range COD test kit with a DRB 200 COD digester (Hach, U.S.) after 223 
filtration through a 0.45-µm membrane filter. Aliquots of the raw wastewater was analyzed 224 
using the high range COD test kit without filtration to measure the TCOD content. In addition, 225 
the samples were filtered through a 0.45-µm membrane filter for dissolved organic carbon 226 
(DOC) and TN analyses using a TOC-V CSN total organic carbon analyzer coupled with a 227 
TNM-1 nitrogen measuring unit (Shimadzu, Japan). DOC was measured for detailed carbon 228 
profiling in the SBR instead of COD to reduce the use of hazardous chemicals in COD 229 
measurement. 230 
2.7. DNA extraction and qPCR 231 
DNA was extracted from the sludge samples periodically using a NucleoSpin Soil DNA 232 
Extraction Kit (Macherey-Nagel, Germany). The amplification reactions for qPCR was 233 
performed using a CFX96 Real-Time PCR Detection System (BioRad, U.S.). The qPCR 234 
reaction mixtures (20 µL) were composed of 10 µL iQTM SYBR® Green Supermix (BioRad, 235 
U.S.), 1 µL of the DNA template (50 ng), 2 µL of forward and reverse primers (3 µM). The list 236 
of primers used is shown in Table 2. The qPCR protocol for all the primer pairs consisted of 237 
an initial denaturation at 95ºC for 3 minutes, subsequently followed by 40 cycles of 238 
denaturation at 94ºC for 30 seconds, annealing for 45 seconds and extension at 72ºC for 30 239 
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seconds. The specific annealing temperature for each primer is also listed in Table 2. All 240 
amplification reactions were performed in triplicate.    241 
The standard curves for each set of primer listed in Table 2 were obtained to quantify 242 
the copy number of the target DNA. To construct the standard curves, PCR product for each 243 
primer set was first purified using a NucleoSpin Extract II kit (Macherey-Nagel, Germany). 244 
The DNA concentration of the purified PCR product was quantified using a NanoDrop ND-245 
2000 spectrophotometer (Thermo Fisher Scientific, U.S.). The measured DNA concentration 246 
was used to calculate the copy number of the target DNA as described by Whelan et al. (2003). 247 
The qPCR standards were prepared by ten-fold serial dilution of the purified PCR products, 248 
which ranged from 103 copy number/µL to 109 copy number/µL for each qPCR assay. The 249 
standard curves were constructed by plotting the threshold cycle (Cq) as a function of the 250 
logarithm of target DNA’s copy number.  251 
2.8. 16S rRNA and nxrB amplicons sequencing 252 
Both the 16S rRNA and nxrB fragments in the DNA extract sampled on day 1 and day 253 
270 were amplified using the barcoded primers for sequencing library preparation. The 254 
barcoded primer pair 341F/805R (341F: 5’-CCT ACG GGN GGC WGC AG-3’; 805R: 5’-255 
GAC TAC GVG GGT ATC TAA TCC-3’) was used to amplify the 16S rRNA gene fragments 256 
in both the domain Bacteria and Archaea (Herlemann et al., 2011). The nxrB genes of all 257 
Nitrospira lineages were amplified using the primers nxrB169f/nxrB638r (nxrB169f: 5’-TAC 258 
ATG TGG TGG AAC A-3’; nxrB638r: 5’-CGG TTC TGG TCR ATC A-3’) with sample-259 
specific barcodes (Pester et al., 2014). The 16S rRNA and nxrB amplicons were sequenced 260 
using a high-throughput Illumina MiSeq sequencing platform (Illumina, U.S.). 261 
The downstream bioinformatics analyses were performed using Quantitative Insights 262 
Into Microbial Ecology (QIIME) v1.8.0 (Caporaso et al., 2010). The adaptor sequences were 263 
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trimmed from the sequencing output files using PhiX Sequencing Control V3. The low quality 264 
reads were then filtered with the threshold quality score of Q20. BBMerge was used to merge 265 
the filtered paired-end reads (Bushnell et al., 2017), the joint reads shorter than 150 bp and 266 
longer than 600 bp were removed. The reads were aligned with the Greengenes reference 267 
alignment (gg_13_8) with the identified chimeric sequences filtered. After the quality 268 
assessment, de novo clustering was performed by grouping the reads with 97% identity into 269 
operational taxonomic units (OTUs) using UPARSE (Edgar, 2013). The taxonomies of the 270 
clustered OTUs were assigned based on the Greengenes database (gg_13_8). Core diversity 271 
analyses in QIIME was used to generate taxa plots from the OTUs. Phylogenetic relationship 272 
of the OTUs was analyzed using MEGA7 (Kumar et al., 2016). The OTUs and the reference 273 
genes downloaded from the GenBank database were aligned using MUSCLE algorithm and 274 
phylogenetic trees were constructed using neighbor-joining method. The 16S rRNA and nxrB 275 
amplicon sequence accession numbers are SRR8237468 and SRR8210165, respectively. 276 
2.9. FISH 277 
Sludge samples were fixed using a 4% paraformaldehyde solution as described by 278 
Amann et al. (1990). The fixed samples were hybridized with EUB338-MIX to target 279 
microorganisms within the domain Bacteria, and with the group-specific probes (Table 3). The 280 
5’-end of EUB338-MIX probe was labelled with a FLUOS fluorophore, while all the other 281 
probes had a Cy-3 fluorophore attached to the 5’-end. The probes were procured from Sigma-282 
Aldrich Japan (Tokyo, Japan), Nippon Gene (Tokyo, Japan) and Rikaken (Nagoya, Japan). The 283 
hybridized slides were mounted on Vectashield (Vectashield Laboratories, Burlingame, U.S.) 284 
and observed under a BX51 epifluorescence microscope (Olympus, Tokyo, Japan).  285 
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3. Results and discussion 286 
3.1. Characterization of sbCOD and PSS hydrolysis kinetic coefficients 287 
The COD and NO3-N were depleted as expected in the YOHO,ax batch test (Fig. 1A). The 288 
YOHO,ax of the sludge was 0.4 g biomass COD/g substrate COD. Once the YOHO,ax was 289 
determined,  the NOx-N uptake rate profile obtained from the sbCOD quantification batch test 290 
(Fig. 1B) was used to determine the sbCOD concentration in the wastewater. The period when 291 
sbCOD degradation occurred is indicated in yellow squares (Fig. 1B). The change in NOx-N 292 
during sbCOD degradation enabled the quantification of the fraction of sbCOD in the raw 293 
wastewater (using equation 2). The sbCOD in the raw wastewater was 250 ± 70 mg/L. The 294 
mean of the sbCOD/TCOD ratio was 51 ± 10%, indicating that most of the biodegradable 295 
organics in the tropical wastewater used in this study was in the form of sbCOD. Furthermore, 296 
the raw wastewater contained 22 mg NH4-N/L. Assuming complete nitrification, 22 mg NO3-297 
N/L would be produced. Based on the theoretical substrate consumption ratio of 4.2 g COD/g 298 
NO3-N during denitrification (Matějů et al., 1992), the amount of sbCOD in the raw wastewater 299 
(250 ± 70 mg/L) is sufficient to denitrify all of the NO3-N produced. We concluded that sbCOD 300 
is a major source of biodegradable organics and may be utilized to enhance the denitrification 301 
performance. 302 
The PSS hydrolysis kinetic constants at tropical temperature was evaluated from the 303 
respirometry experiment (Fig. 2). The hydrolysis rate constant, kH was 0.31 h
-1, roughly 2.5 304 
times higher than the reported values (0.13 – 0.15 h-1) at 20ºC (Gujer et al., 1999; Li et al., 305 
2019; Wu et al., 2014). Interestingly, Benneouala et al. (2017) reported a low kH value (0.015 306 
h-1) at 20ºC for PSS hydrolysis. The low PSS hydrolysis rate in Benneouala et al. (2017) may 307 
be caused by the short SRT (5 days) of the activated sludge. Li et al. (2019) reported that a 308 
SRT below 20 days decreased the PSS hydrolysis kinetic coefficient due to the reduced 309 
hydrolytic bacteria diversity. The hydrolysis saturation constant, KX however was similar to the 310 
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default value (1 mg COD/mg COD) at 20ºC (Gujer et al., 1999). The higher kH value supported 311 
our expectation that PSS hydrolysis is accelerated in warm wastewater temperature (30ºC). On 312 
the other hand, the KX value (the affinity of the bacteria for PSS) is an intrinsic parameter that 313 
should be independent on the temperature. So it appears to be that the KX value obtained here 314 
(0.79 mg COD/mg COD) is similar to the default value (1 mg COD/mg COD at 20ºC) (Gujer 315 
et al., 1999). The higher PSS hydrolysis rate suggests that sbCOD could be a propitious source 316 
of biodegradable organics for denitrifiers in the tropical wastewater. 317 
We subsequently performed the denitrification batch activity experiments to confirm 318 
that PSS could be utilized for denitrification. The NOx-N profiles for the denitrification batch 319 
experiments using filtered wastewater (Set A), PSS in nutrient solution (Set B) and blank 320 
nutrient solution (Set C) are provided in the supplementary materials (Fig. S1). The initial COD 321 
concentration of Set A and Set B were similar (60 mg/L). However, only 5 mg NOx-N/L was 322 
denitrified in Set A using rbCOD in the filtered wastewater for denitrification, while sbCOD 323 
from the PSS in Set B successfully reduced 15 mg NOx-N/L. The results imply that PSS in the 324 
wastewater had a higher biodegradability than sCOD in the filtered wastewater for 325 
denitrification. Thus, we confirmed that using sbCOD for denitrification in the tropical 326 
wastewater treatment is, in principle, feasible. 327 
3.2. Nitrogen removal performance of SBR 328 
We further investigated the long-term performance of applying low-DO nitrification 329 
and utilizing sbCOD in a biological nitrogen removal SBR treating low soluble COD/N tropical 330 
wastewater. The steady-state detailed profile of NH4-N, NO3-N and DOC concentrations for 331 
each of the four operating phases is shown in Fig. 3. The long-term variation of TSS, VSS, 332 
COD, NH4-N and NO3-N concentrations is provided in Fig. S2 of the supplementary materials, 333 
and the detailed pH and DO profile for each operating phase is shown in Fig. S3 of the 334 
supplementary materials. 335 
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During the initial phase (P1), the SBR was operated in a conventional AO configuration 336 
with a high-DO oxic phase (1.7 ± 0.2 mg/L). Fig. 3A showed that the effluent contained low 337 
concentrations of NH4-N (0.6 ± 0.5 mg/L). The nitrification efficiency was 95 ± 4% throughout 338 
P1 with an average specific nitrification rate of 4.3 ± 1.4 mg N/g VSS∙hr. The effective NH4-339 
N removal was expected as a DO concentration of around 2 mg/L is recommended to ensure 340 
complete nitrification in the WWTPs (Tchobanoglous et al., 2014). 341 
In the second phase (P2), the operation of the SBR was switched to an AO configuration 342 
with a low-DO oxic phase (0.9 ± 0.1 mg/L) to investigate the feasibility of incorporating low-343 
DO nitrification and the stability of nitrification performance at low-DO condition in a tropical 344 
biological nitrogen removal system. The TSS and VSS concentrations decreased to 600 ± 150 345 
mg/L and 470 ± 160 mg/L, respectively (Fig. S2A). The TSS and the VSS concentrations in 346 
P2 was 2.5 times lower than that during P1. The drop in the TSS and the VSS concentrations 347 
could be due to the lower biomass yield under low-DO concentration, which mimicked a 348 
pseudo-anoxic condition. Muller et al. (2003) found that the anoxic biomass yield was 30 – 40% 349 
lower than that under aerobic condition, which was similar to the reduction of the TSS and the 350 
VSS concentrations during P2. The NH4-N removal efficiency and the specific nitrification 351 
rate were consistent, which were 93 ± 6% and 3.8 ± 0.5 mg N/g VSS∙hr, respectively. The 352 
nitrification performance in P2 was comparable to that during P1 (Fig. 3A and 3B). Thus, 353 
complete and stable nitrification efficiency could be achieved in low-DO condition at the same 354 
HRT as the conventional nitrification process (>2 mg O2/L), which confirmed that low-DO 355 
nitrification could be adopted by tropical WWTPs to reduce their energy consumption. As a 356 
typical characteristic of an AO process, the effluent NO3-N was high. The NO2-N concentration 357 
was always less than 1 mg/L and was insignificant when compared with the NO3-N 358 
concentration (Fig. 3B). Furthermore, the lack of biodegradable organics in the settled 359 
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wastewater also contributed to the poor denitrification performance in the anoxic phase, which 360 
led to excessive nitrate accumulation. 361 
To enhance the denitrification performance in the anoxic phase, raw wastewater was 362 
used as the reactor influent during P3. The wastewater fractionation and the respirometry 363 
experiments (Fig. 1 and 2) demonstrated that PSS in the raw wastewater were hydrolyzed at a 364 
high rate, providing 250 ± 70 mg/L of sbCOD for denitrification. Fig. 3C clearly shows an 365 
improved denitrification performance during the anoxic phase of P3 when compared with P1 366 
and P2, which led to a lower NO3-N accumulation and carryover. For instance, the initial NO3-367 
N in the SBR cycle was lower in P3 (4 mg/L) when compared with P1 and P2 (10 mg/L). Using 368 
raw wastewater as the influent during P3 caused a temporary decline in the nitrification 369 
efficiency until day 172 (reduced to 84 ± 4%). The reason for the lower nitrification efficiency 370 
could be due to the increased competition for oxygen between the heterotrophs and the nitrifiers 371 
(Satoh et al., 2000). Nevertheless, the nitrification efficiency in the SBR was restored to 92 ± 372 
8% after day 172, presumably due to the selection of nitrifiers possessing a higher affinity for 373 
oxygen. Fitzgerald et al. (2015) and Keene et al. (2017) suggested that nitrifiers with higher 374 
oxygen affinity will be selected when oxygen becomes a limiting substrate in the environment. 375 
To further reduce the effluent NO3-N, a post-anoxic phase was incorporated in the final period 376 
(P4). 377 
The SBR was subsequently changed from a low-DO-AO to a low-DO-AOA 378 
configuration in P4. The NH4-N removal efficiency remained high (98 ± 2%) as in the previous 379 
operating phases. The post-anoxic phase removed approximately 60% of the NO3-N produced 380 
during nitrification (Fig 3D), which reduced the effluent NO3-N to 5.7 ± 1.3 mg/L. The effluent 381 
NO3-N in P4 was lower than the effluent discharge standard A (10 mg/L) stipulated by 382 
Malaysia’s Environmental Quality (Sewage) Regulations 2009 (Department of Environment, 383 
2009). The constant DOC concentration during the post-anoxic phase implied that sbCOD in 384 
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the wastewater was utilized by the denitrifiers (Fig. 3D). Moreover, the specific denitrification 385 
rate during the post-anoxic phase (Fig 3D) was 0.8 mg N/g VSS∙hr, which was similar to the 386 
specific denitrification rate (1.0 mg N/g VSS.hr) during sbCOD degradation in the wastewater 387 
fractionation experiment (Fig 1B). The similar rate suggests that sbCOD was used to achieve 388 
effective denitrification because different carbon source (rbCOD, sbCOD and biomass decay) 389 
produced different specific denitrification rates. Apart from the exogenous carbon sources 390 
(rbCOD and sbCOD), the long SRT of the SBR (20 days) may have promoted endogenous 391 
respiration to complement the source of biodegradable organics for denitrification. 392 
Interestingly, the nitrate production was less than the ammonia consumption during the 393 
oxic phase in P4 (Fig. 3D). Only 9 mg NO3-N/L was produced while 13 mg NH4-N/L was 394 
removed, suggesting the occurrence of simultaneous nitrification-denitrification (SND). Both 395 
the low-DO concentration in the oxic phase (0.9 ± 0.1 mg/L) and the concomitant oxidation of 396 
DOC during nitrification (Fig. 3D) may have contributed to SND (Daigger and Littleton, 2014; 397 
Keene et al., 2017). 398 
The improvement in the denitrification performance in P3 and P4 when compared with 399 
P1 and P2 showed that the raw wastewater contained sufficient biodegradable organics in the 400 
form of rbCOD and sbCOD to encourage denitrification activity. Conversely, denitrification 401 
efficiency using solely rbCOD in the settled wastewater was low in P1 and P2.  The 402 
incorporation of a post-anoxic phase demonstrated that the high PSS hydrolysis rate in the 403 
warm wastewater (30ºC) provided sufficient biodegradable organics to achieve low effluent 404 
NO3-N. Thus, by maintaining a constant HRT (24 hours), modifying an AO process into an 405 
AOA configuration could enhance the nitrogen removal from wastewater, thus obviating the 406 
need for external carbon sources. 407 
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3.3. Changes in populations in the sludge microbial community 408 
The abundances of betaproteobacterial AOB and Nitrospira sp. relative to the total 409 
bacteria population were quantified by qPCR (Fig. 4A). We did not obtain any PCR product 410 
from the amplification using the primer pair comaA-244F/comaA-659R that target the 411 
comammox Nitrospira amoA (Pjevac et al., 2017). The average relative abundances for AOB 412 
and Nitrospira sp. were 0.03 ± 0.02% and 2.7 ± 1.2 %, respectively. The population of AOB 413 
and Nitrospira sp. in the SBR were similar to that of the seed sludge. This could be explained 414 
by the similar operating conditions (AO configuration, SRT and HRT) between the lab-scale 415 
SBR and the WWTP. The population of Nitrospira sp. was two orders of magnitude higher 416 
than that of AOB (Fig. 4A). Large populations of Nitrospira sp. relative to that of AOB have 417 
been reported in the tropical region, where the wastewater can be at 30ºC (How et al., 2018; 418 
Yang et al., 2016). How et al. (2018) and Yang et al. (2016) found that the Nitrospira-related 419 
NOB population outnumbered the AOB population in their activated sludge samples, with 420 
NOB/AOB abundance ratio of approximately 2 and 5, respectively. The large Nitrospira 421 
population in the tropical sludge is different from our conventional understanding of the 422 
activated sludge nitrifying community in the temperate climate region. Winkler et al. (2012) 423 
proposed that the theoretical NOB/AOB abundance ratio should be 0.5. Activated sludge 424 
microbial community assessment studies by Saunders et al. (2016) and Keene et al. (2017) in 425 
the temperate climate region (20ºC – 25ºC) also reported Nitrospira-related NOB population 426 
approximately half of that for AOB. Zhou et al. (2018) found that the optimal temperature 427 
range for nitrifiers’ growth was 28 – 32ºC. The warm wastewater in our study (30ºC) may have 428 
encouraged the growth of Nitrospira population. However, the effect of the warm wastewater 429 
temperature in our study on the growth of AOB is not well-understood.  Apart from the 430 
wastewater temperature, the low-DO condition in our reactor (0.9 ± 0.1 mg/L) may have 431 
contributed to the unusually high proportional abundance of Nitrospira sp. in the sludge. Long-432 
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term WWTPs population dynamics in Cao et al. (2018) suggested that a DO reduction from 433 
1.7 mg O2/L to 1.0 mg O2/L caused a significant increase in the Nitrospira population. 434 
The denitrification potential of the sludge was consistent throughout our reactor 435 
operation. The qPCR data showed that the normalized abundance of nirS and nosZ in the SBR 436 
remained constant (Fig. 4B). The relative abundance of nirS were consistently two orders of 437 
magnitude higher than nosZ. Gabarro et al. (2013) found that nirS was the most abundant 438 
denitrifying genes in the biological nitrogen removal processes, which may be up to three nirS 439 
copies for every ten 16S rRNA copies. On the other hand, the nosZ to 16S rRNA ratio in our 440 
sludge was about 3:100, which was the typical range reported for environmental samples 441 
(Gabarro et al., 2013). 442 
The disproportionately high abundance of Nitrospira sp. in the sludge prompted us to 443 
sequence the 16S rRNA fragments and to validate their population size in the sludge. The 444 
combined number of sequence reads from the two samples on day 1 and day 270 was 133,469, 445 
which were distributed across 9,015 OTUs. The OTUs were further classified into 566 genera. 446 
The top 25 most abundant genera on day 1 and day 270 are plotted in Fig. 5. The genus 447 
Nitrospira was the top two most abundant genera in both samples, which made up 4.8% and 448 
5.7% of the total reads on day 1 and day 270, respectively. The only two taxa related to 449 
nitrifying organisms were Nitrospira and uncultured Nitrosomonadaceae (Fig. 5). The read 450 
abundance of Nitrospira was 10 times higher than that for uncultured Nitrosomonadaceae. 451 
Furthermore, the FISH images of low-DO-AOA sludge on day 270 showed that the positive 452 
signals for AOB (Fig. S4A and S4B) are markedly less than that for Nitrospira sp. (Fig. S4C 453 
& S4D). The outcome of the molecular methods used in the current study (qPCR, 16S rRNA 454 
amplicon sequencing and FISH) confirmed that the Nitrospira population was larger than that 455 
for AOB. 456 
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16S rRNA-based phylogenetic trees (Fig. 6) were constructed to investigate the 457 
diversity of the Nitrospira community. The phylogenetic tree constructed from the 16S rRNA 458 
amplicons (Fig. 6) is congruent to that constructed from the nxrB amplicons (Fig. S5 in the 459 
supplementary materials), which suggests that most of the Nitrospira-related OTUs were 460 
clustered into two groups, namely Group A and Group B. OTUs in Group A are related to Ca. 461 
Nitrospira defluvii with an average nucleotide identity (ANI) of 94 ± 3%, while those in Group 462 
B are more closely affiliated with comammox (Ca. Nitrospira nitrosa and Ca. Nitrospira 463 
nitrificans) with an ANI of 96 ± 2%. How et al. (2018) reported a similar Nitrospira community 464 
structure in a low-DO nitrification system (<0.5 mg O2/L) and suggested that low-DO condition 465 
favored the proliferation of both Ca. Nitrospira defluvii and comammox. 466 
The heat map in Fig. 6 depicts the percentage read abundance of Nitrospira-related 467 
OTUs in the seed sludge (day 1) and the low-DO-AOA sludge (day 270). The OTUs in Group 468 
B constituted half of the total Nitrospira OTUs in the low-DO-AOA sludge. Thus, comammox 469 
Nitrospira may play an important role within the nitrifier community in our reactor. Kits et al. 470 
(2017) reported that comammox Nitrospira activity peaks at 37ºC and thrives in an oligotrophic 471 
environment. In view of the warm wastewater temperature (30ºC) and the low-strength 472 
wastewater characteristics (NH4-N = 22 ± 3 mg/L), comammox Nitrospira may play a 473 
significant nitrifying role in the tropical wastewater treatment systems.  474 
Moreover, comammox Nitrospira are often detected in low-DO condition (Daims et al., 475 
2015; How et al., 2018). Palomo et al. (2018) suggested that comammox Nitrospira has a high 476 
affinity for oxygen because its genome harbors a 2/2 hemoglobin type II (TrHb2) to scavenge 477 
oxygen. Thus, the low-DO condition (0.9 ± 0.1 mg O2/L) in the SBR could also be a selection 478 
factor for comammox Nitrospira. In practice the energy expended on aerators in the WWTPs 479 
could be reduced to provide a low-DO environment suitable for the growth of comammox 480 
Nitrospira. 481 
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3.4. Significance of the study to the design and operation of WWTPs in the tropics 482 
The emerging economies in Southeast Asia, such as Malaysia and Indonesia have 483 
introduced more stringent regulations for the wastewater effluent quality to address the water 484 
pollution issue (Department of Environment, 2009; Ministry of Environment and Forestry, 485 
2016). Following the introduction of the new regulations in Malaysia, many medium-sized 486 
(10,000 – 30,000 population equivalent) EA plants incorporated a pre-anoxic tank to promote 487 
biological nitrogen removal (AO configuration). 488 
The findings from the current study implied that the medium-sized AO treatment plants 489 
could achieve high ammonia removal efficiency (93 ± 6%) at low-DO condition (0.9 ± 0.1 mg 490 
O2/L). This would be more energy-efficient than meeting the recommended DO concentration 491 
(2 mg O2/L) in the Malaysian Sewerage Industry Guidelines (National Water Services 492 
Commission, 2009). These guidelines are good practice in the temperate region, but may not 493 
be necessary in the tropics if the growth of comammox can be encouraged. Low-DO 494 
nitrification offers a solution to the plants’ operators to improve the energy sustainability while 495 
attaining good effluent quality. 496 
Utilization of sbCOD from PSS hydrolysis for post-anoxic denitrification significantly 497 
lowered the effluent NO3-N when compared with that of using only pre-anoxic denitrification. 498 
The medium-sized EA plants combined with pre-anoxic tank could reduce the effluent NO3-N 499 
by modifying part of the oxic tank into a post-anoxic tank. Also, the smaller size of the oxic 500 
tank implies an additional energy reduction. Utilizing sbCOD in the raw wastewater to achieve 501 
efficient denitrification may help the plant operators to obviate the need for external carbon 502 
dosage. However, the concentration of PSS in the wastewater may differ from an area to 503 
another. Wastewater with lower PSS content may not have sufficient sbCOD to remove all 504 
nitrate. The WWTPs treating wastewater with low PSS concentration are still encouraged to 505 
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fully utilize PSS present in the wastewater and dose in minimal amount of external carbon 506 
sources. Minimizing the carbon dosage will help these WWTPs to save cost. 507 
4. Conclusion 508 
This study presented a low-DO-AOA process to treat low soluble COD/N tropical 509 
wastewater, which was a more efficient biological nitrogen removal configuration than the 510 
conventional AO process. The results showed that low-DO nitrification process (0.9 ± 0.1 mg 511 
O2/L) consistently produced low ammonia concentration in the effluent (less than 1 mg/L). 512 
sbCOD was the largest fraction (51 ± 10%) of biodegradable organics in the tropical 513 
wastewater used in this study. The hydrolysis rate of PSS at tropical temperature (30ºC) was 514 
2.5 times higher than the default value at 20ºC, which was sufficiently high to provide sbCOD 515 
for denitrification in the post-anoxic phase. Utilizing sbCOD in the post-anoxic denitrification 516 
successfully produced effluent NO3-N (5.7 ± 1.3 mg/L) lower than the discharge limit in the 517 
Environmental Quality (Sewage) Regulations 2009 (10 mg/L). The presence of comammox 518 
Nitrospira in the SBR suggested that the low-DO condition and the tropical temperature may 519 
promote their growth. The existing WWTPs treating low soluble COD/N tropical wastewater 520 
may adopt the low-DO-AOA process developed in this study to ensure high wastewater 521 
treatment efficiency and to improve the energy sustainability of the plant. We recommend to 522 
quantify the abundance of comammox Nitrospira and their growth rate at DO concentrations 523 
below 1 mg/L in the future studies. Quantification of the abundance and the growth rate of 524 
comammox Nitrospira in low-DO condition would provide insights into the threshold DO level 525 
and the optimum retention time for plant operation. 526 
Acknowledgement 527 
This research was jointly financed by The Royal Society, Academy of Sciences 528 
Malaysia and Malaysian Industry-Government Group for High Technology (MIGHT) under 529 
Newton Advanced Fellowship (NA150341 / BH152910 / IF008-2016). The study was also 530 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
23 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
partially funded by Fundamental Research Grant Scheme (FP047-2017A) by Ministry of 531 
Education, Malaysia. The authors thank Indah Water Konsortium Sdn. Bhd. for providing the 532 
sludge and wastewater samples. Dr. Tadashi Shoji is also acknowledged for giving technical 533 
advice on the respirometry experiments. 534 
References 535 
Amann, R.I., Krumholz, L., Stahl, D.A., 1990. Fluorescent-oligonucleotide probing of whole 536 
cells for determinative, phylogenetic, and environmental studies in microbiology. J 537 
Bacteriol 172 (2), 762-70.  538 
APHA/AWWA/WEF, 1998. Standard Methods for the Examination of Water and Wastewater, 539 
20th ed. APHA/AWWA/WEF, Washington, D.C., U.S. 540 
Benneouala, M., Bareha, Y., Mengelle, E., Bounouba, M., Sperandio, M., Bessiere, Y., Paul, 541 
E., 2017. Hydrolysis of particulate settleable solids (PSS) in activated sludge is 542 
determined by the bacteria initially adsorbed in the sewage. Water Res 125, 400-409. 543 
http://dx.doi.org/10.1016/j.watres.2017.08.058 544 
Bushnell, B., Rood, J., Singer, E., 2017. BBMerge – Accurate paired shotgun read merging via 545 
overlap. PLOS ONE 12 (10), e0185056. 546 
http://dx.doi.org/10.1371/journal.pone.0185056 547 
Cao, Y., Kwok, B.H., van Loosdrecht, M.C.M., Daigger, G., Png, H.Y., Long, W.Y., Eng, O.K., 548 
2018. The influence of dissolved oxygen on partial nitritation/anammox performance 549 
and microbial community of the 200,000 m3/d activated sludge process at the Changi 550 
water reclamation plant (2011 to 2016). Water Sci Technol 78 (3), 634-643. 551 
http://dx.doi.org/10.2166/wst.2018.333 552 
Cao, Y., van Loosdrecht, M.C., Daigger, G.T., 2017. Mainstream partial nitritation-anammox 553 
in municipal wastewater treatment: status, bottlenecks, and further studies. Appl 554 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
24 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
Microbiol Biotechnol 101 (4), 1365-1383. http://dx.doi.org/10.1007/s00253-016-8058-555 
7 556 
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., 557 
Fierer, N., Pena, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T., Knights, 558 
D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D., Pirrung, 559 
M., Reeder, J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann, J., 560 
Yatsunenko, T., Zaneveld, J., Knight, R., 2010. QIIME allows analysis of high-561 
throughput community sequencing data. Nat Methods 7 (5), 335-6. 562 
http://dx.doi.org/10.1038/nmeth.f.303 563 
Daigger, G.T., Littleton, H.X., 2014. Simultaneous Biological Nutrient Removal: A State-of-564 
the-Art Review. Water Environment Research 86 (3), 245-257. 565 
http://dx.doi.org/10.2175/106143013x13736496908555 566 
Daims, H., Brühl, A., Amann, R., Schleifer, K.-H., Wagner, M., 1999. The Domain-specific 567 
Probe EUB338 is Insufficient for the Detection of all Bacteria: Development and 568 
Evaluation of a more Comprehensive Probe Set. Systematic and Applied Microbiology 569 
22 (3), 434-444. http://dx.doi.org/10.1016/s0723-2020(99)80053-8 570 
Daims, H., Lebedeva, E.V., Pjevac, P., Han, P., Herbold, C., Albertsen, M., Jehmlich, N., 571 
Palatinszky, M., Vierheilig, J., Bulaev, A., Kirkegaard, R.H., von Bergen, M., Rattei, 572 
T., Bendinger, B., Nielsen, P.H., Wagner, M., 2015. Complete nitrification by 573 
Nitrospira bacteria. Nature 528 (7583), 504-9. http://dx.doi.org/10.1038/nature16461 574 
Daims, H., Nielsen, J.L., Nielsen, P.H., Schleifer, K.H., Wagner, M., 2001. In situ 575 
characterization of Nitrospira-like nitrite-oxidizing bacteria active in wastewater 576 
treatment plants. Appl Environ Microbiol 67 (11), 5273-84. 577 
http://dx.doi.org/10.1128/AEM.67.11.5273-5284.2001 578 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
25 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
Department of Environment, 2009. Environmental Quality (Sewage) Regulations 2009. 579 
Ministry of Natural Resources and Environment, Putrajaya, Malaysia. 580 
Dionisi, H.M., Layton, A.C., Harms, G., Gregory, I.R., Robinson, K.G., Sayler, G.S., 2002. 581 
Quantification of Nitrosomonas oligotropha-like ammonia-oxidizing bacteria and 582 
Nitrospira spp. from full-scale wastewater treatment plants by competitive PCR. 583 
Applied and Environmental Microbiology 68 (1), 245-253. 584 
http://dx.doi.org/10.1128/Aem.68.1.245-253.2002 585 
Edgar, R.C., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon reads. 586 
Nature Methods 10, 996. http://dx.doi.org/10.1038/nmeth.2604 587 
Fitzgerald, C.M., Camejo, P., Oshlag, J.Z., Noguera, D.R., 2015. Ammonia-oxidizing 588 
microbial communities in reactors with efficient nitrification at low-dissolved oxygen. 589 
Water Res 70, 38-51. http://dx.doi.org/10.1016/j.watres.2014.11.041 590 
Gabarro, J., Hernandez-Del Amo, E., Gich, F., Ruscalleda, M., Balaguer, M.D., Colprim, J., 591 
2013. Nitrous oxide reduction genetic potential from the microbial community of an 592 
intermittently aerated partial nitritation SBR treating mature landfill leachate. Water 593 
Res 47 (19), 7066-77. http://dx.doi.org/10.1016/j.watres.2013.07.057 594 
Gujer, W., Henze, M., Mino, T., van Loosdrecht, M.C.M., 1999. Activated Sludge Model No. 595 
3. Water Science and Technology 39 (1). http://dx.doi.org/10.1016/s0273-596 
1223(98)00785-9 597 
He, S., Gall, D.L., McMahon, K.D., 2007. "Candidatus Accumulibacter" population structure 598 
in enhanced biological phosphorus removal sludges as revealed by polyphosphate 599 
kinase genes. Appl Environ Microbiol 73 (18), 5865-74. 600 
http://dx.doi.org/10.1128/AEM.01207-07 601 
Henry, S., Bru, D., Stres, B., Hallet, S., Philippot, L., 2006. Quantitative detection of the nosZ 602 
gene, encoding nitrous oxide reductase, and comparison of the abundances of 16S 603 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
26 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
rRNA, narG, nirK, and nosZ genes in soils. Appl Environ Microbiol 72 (8), 5181-9. 604 
http://dx.doi.org/10.1128/AEM.00231-06 605 
Henze, M., Grady Jr, L., Gujer, W., V. R Marais, G., Matsuo, T., 1987. Activated Sludge Model 606 
No 1. 607 
Herlemann, D.P., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J.J., Andersson, A.F., 2011. 608 
Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic 609 
Sea. The ISME journal 5 (10), 1571-1579. http://dx.doi.org/10.1038/ismej.2011.41 610 
How, S.W., Lim, S.Y., Lim, P.B., Aris, A.M., Ngoh, G.C., Curtis, T.P., Chua, A.S.M., 2018. 611 
Low-dissolved-oxygen nitrification in tropical sewage: an investigation on potential, 612 
performance and functional microbial community. Water Sci Technol 77 (9), 2274-613 
2283. http://dx.doi.org/10.2166/wst.2018.143 614 
Keene, N.A., Reusser, S.R., Scarborough, M.J., Grooms, A.L., Seib, M., Santo Domingo, J., 615 
Noguera, D.R., 2017. Pilot plant demonstration of stable and efficient high rate 616 
biological nutrient removal with low dissolved oxygen conditions. Water Res 121, 72-617 
85. http://dx.doi.org/10.1016/j.watres.2017.05.029 618 
Kits, K.D., Sedlacek, C.J., Lebedeva, E.V., Han, P., Bulaev, A., Pjevac, P., Daebeler, A., 619 
Romano, S., Albertsen, M., Stein, L.Y., Daims, H., Wagner, M., 2017. Kinetic analysis 620 
of a complete nitrifier reveals an oligotrophic lifestyle. Nature 549 (7671), 269-272. 621 
http://dx.doi.org/10.1038/nature23679 622 
Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: Molecular Evolutionary Genetics Analysis 623 
Version 7.0 for Bigger Datasets. Molecular Biology and Evolution 33 (7), 1870-1874. 624 
http://dx.doi.org/10.1093/molbev/msw054 625 
Li, S., Wu, Z., Liu, G., 2019. Degradation kinetics of toilet paper fiber during wastewater 626 
treatment: Effects of solid retention time and microbial community. Chemosphere 225, 627 
915-926. http://dx.doi.org/10.1016/j.chemosphere.2019.03.097 628 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
27 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
Liu, G., Wang, J., 2013. Long-term low DO enriches and shifts nitrifier community in activated 629 
sludge. Environ Sci Technol 47 (10), 5109-17. http://dx.doi.org/10.1021/es304647y 630 
Matějů, V., Čižinská, S., Krejčí, J., Janoch, T., 1992. Biological water denitrification—A 631 
review. Enzyme and Microbial Technology 14 (3), 170-183. 632 
http://dx.doi.org/https://doi.org/10.1016/0141-0229(92)90062-S 633 
Ministry of Environment and Forestry, 2016. Ministry of Environment and Forestry 634 
Regulations of Republic of Indonesia Number: P.68/Menlhk/Setjen/Kum.1/8/2016 on 635 
Domestic Wastewater Quality Limits [Peraturan Menteri Lingkungan Hidup dan 636 
Kehutanan Republik Indonesia Nomor: P.68/Menlhk/Setjen/Kum.1/8/2016 Tentang 637 
Baku Mutu Air Limbah Domestik]. Government of Indonesia, Jakarta, Indonesia. 638 
Mobarry, B.K., Wagner, M., Urbain, V., Rittmann, B.E., Stahl, D.A., 1996. Phylogenetic 639 
probes for analyzing abundance and spatial organization of nitrifying bacteria. Appl 640 
Environ Microbiol 62 (6), 2156-62.  641 
Morgenroth, E., Kommedal, R., Harremoes, P., 2002. Processes and modeling of hydrolysis of 642 
particulate organic matter in aerobic wastewater treatment--a review. Water Sci 643 
Technol 45 (6), 25-40.  644 
Muller, A., Wentzel, M.C., Loewenthal, R.E., Ekama, G.A., 2003. Heterotroph anoxic yield in 645 
anoxic aerobic activated sludge systems treating municipal wastewater. Water Research 646 
37 (10), 2435-2441. http://dx.doi.org/10.1016/s0043-1354(03)00015-0 647 
National Water Services Commission, 2009. Malaysian Sewerage Industry Guideline, third ed. 648 
National Water Services Commission, Cyberjaya, Malaysia. 649 
Ong, Y.H., Chua, A.S.M., Lee, B.P., Ngoh, G.C., Hashim, M.A., 2012. An Observation on 650 
Sludge Granulation in an Enhanced Biological Phosphorus Removal Process. Water 651 
Environment Research 84 (1), 3-8. 652 
http://dx.doi.org/10.2175/106143011x13184219229335 653 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
28 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
Palomo, A., Pedersen, A.G., Fowler, S.J., Dechesne, A., Sicheritz-Ponten, T., Smets, B.F., 654 
2018. Comparative genomics sheds light on niche differentiation and the evolutionary 655 
history of comammox Nitrospira. ISME J 12 (7), 1779-1793. 656 
http://dx.doi.org/10.1038/s41396-018-0083-3 657 
Pester, M., Maixner, F., Berry, D., Rattei, T., Koch, H., Lucker, S., Nowka, B., Richter, A., 658 
Spieck, E., Lebedeva, E., Loy, A., Wagner, M., Daims, H., 2014. NxrB encoding the 659 
beta subunit of nitrite oxidoreductase as functional and phylogenetic marker for nitrite-660 
oxidizing Nitrospira. Environ Microbiol 16 (10), 3055-71. 661 
http://dx.doi.org/10.1111/1462-2920.12300 662 
Pjevac, P., Schauberger, C., Poghosyan, L., Herbold, C.W., van Kessel, M., Daebeler, A., 663 
Steinberger, M., Jetten, M.S.M., Lucker, S., Wagner, M., Daims, H., 2017. AmoA-664 
Targeted Polymerase Chain Reaction Primers for the Specific Detection and 665 
Quantification of Comammox Nitrospira in the Environment. Front Microbiol 8, 1508. 666 
http://dx.doi.org/10.3389/fmicb.2017.01508 667 
Ramli, N.A., Abdul Hamid, M.F., 2017. Analysis of energy efficiency and energy consumption 668 
costs: a case study for regional wastewater treatment plant in Malaysia. Journal of 669 
Water Reuse and Desalination 7 (1), 103-110. http://dx.doi.org/10.2166/wrd.2016.196 670 
Reichert, P., 1994. Aquasim – a Tool for Simulation and Data Analysis of Aquatic Systems. 671 
Water Science and Technology 30 (2), 21-30. http://dx.doi.org/10.2166/wst.1994.0025 672 
Rotthauwe, J.-H., Witzel, K.-P., Liesack, W., 1997. The Ammonia Monooxygenase Structural 673 
Gene amoA as a Functional Marker: Molecular Fine-Scale Analysis of Natural 674 
Ammonia-Oxidizing Populations. Applied and Environmental Microbiology 63 (12), 675 
4704-4712.  676 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
29 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
Satoh, H., Okabe, S., Norimatsu, N., Watanabe, Y., 2000. Significance of substrate C/N ratio 677 
on structure and activity of nitrifying biofilms determined by in situ hybridization and 678 
the use of microelectrodes. Water Science and Technology 41 (4-5), 317-321.  679 
Saunders, A.M., Albertsen, M., Vollertsen, J., Nielsen, P.H., 2016. The activated sludge 680 
ecosystem contains a core community of abundant organisms. ISME J 10 (1), 11-20. 681 
http://dx.doi.org/10.1038/ismej.2015.117 682 
Sophonsiri, C., Morgenroth, E., 2004. Chemical composition associated with different particle 683 
size fractions in municipal, industrial, and agricultural wastewaters. Chemosphere 55 684 
(5), 691-703. http://dx.doi.org/10.1016/j.chemosphere.2003.11.032 685 
Tan, E., Hsu, T.C., Huang, X., Lin, H.J., Kao, S.J., 2017. Nitrogen transformations and removal 686 
efficiency enhancement of a constructed wetland in subtropical Taiwan. Sci Total 687 
Environ 601-602, 1378-1388. http://dx.doi.org/10.1016/j.scitotenv.2017.05.282 688 
Tchobanoglous, G., Stensel, H.D., Tsuchihashi, R., Burton, F., Abu-Orf, M., Bowden, G., 689 
Pfrang, W., 2014. Wastewater Engineering: Treatment and Resource Recovery, fifth 690 
ed. McGraw-Hill Education, New York, NY. 691 
Throbäck, I.N., Enwall, K., Jarvis, A., Hallin, S., 2004. Reassessing PCR primers targeting 692 
nirS, nirK and nosZ genes for community surveys of denitrifying bacteria with DGGE. 693 
FEMS Microbiol Ecol 49 (3), 401-17. http://dx.doi.org/10.1016/j.femsec.2004.04.011 694 
United Nations, 2018. The Sustainable Development Goals Report 2018. United Nations, New 695 
York, NY, US. 696 
van Loosdrecht, M.C.M., Nielsen, P.H., Lopez-Vazquez, C.M., Brdjanovic, D., 2016. 697 
Experimental Methods in Wastewater Treatment. IWA Publishing, London, UK. 698 
Wang, D., Li, T., Huang, K., He, X., Zhang, X.X., 2019. Roles and correlations of functional 699 
bacteria and genes in the start-up of simultaneous anammox and denitrification system 700 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
30 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
for enhanced nitrogen removal. Sci Total Environ 655, 1355-1363. 701 
http://dx.doi.org/10.1016/j.scitotenv.2018.11.321 702 
Wang, X., Wang, S., Xue, T., Li, B., Dai, X., Peng, Y., 2015. Treating low carbon/nitrogen 703 
(C/N) wastewater in simultaneous nitrification-endogenous denitrification and 704 
phosphorous removal (SNDPR) systems by strengthening anaerobic intracellular 705 
carbon storage. Water Res 77, 191-200. http://dx.doi.org/10.1016/j.watres.2015.03.019 706 
Whelan, J.A., Russell, N.B., Whelan, M.A., 2003. A method for the absolute quantification of 707 
cDNA using real-time PCR. Journal of Immunological Methods 278 (1-2), 261-269. 708 
http://dx.doi.org/10.1016/s0022-1759(03)00223-0 709 
Winkler, M.K., Bassin, J.P., Kleerebezem, R., Sorokin, D.Y., van Loosdrecht, M.C., 2012. 710 
Unravelling the reasons for disproportion in the ratio of AOB and NOB in aerobic 711 
granular sludge. Appl Microbiol Biotechnol 94 (6), 1657-66. 712 
http://dx.doi.org/10.1007/s00253-012-4126-9 713 
Wu, J., Yan, G., Zhou, G., Xu, T., 2014. Wastewater COD biodegradability fractionated by 714 
simple physical–chemical analysis. Chemical Engineering Journal 258, 450-459. 715 
http://dx.doi.org/10.1016/j.cej.2014.07.106 716 
Yang, Q., Shen, N., Lee, Z.M., Xu, G., Cao, Y., Kwok, B., Lay, W., Liu, Y., Zhou, Y., 2016. 717 
Simultaneous nitrification, denitrification and phosphorus removal (SNDPR) in a full-718 
scale water reclamation plant located in warm climate. Water Sci Technol 74 (2), 448-719 
56. http://dx.doi.org/10.2166/wst.2016.214 720 
Zhou, H., Li, X., Xu, G., Yu, H., 2018. Overview of strategies for enhanced treatment of 721 
municipal/domestic wastewater at low temperature. Sci Total Environ 643, 225-237. 722 
http://dx.doi.org/10.1016/j.scitotenv.2018.06.100 723 
  724 
DOI: https://doi.org/10.1016/j.scitotenv.2019.07.332  
31 
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 
TABLES 725 
Table 1. Operating conditions of each phase for the lab-scale SBR. 726 
Operating Phases P1 P2 P3 P4 
Duration Day 1 – 70 Day 71 – 115 Day 116 – 190 Day 191 – 270 
Process 
Conventional 
AO 
Low-DO-AO Low-DO-AO Low-DO-AOA 
DO Concentration 
in Oxic Phase 
(mg/L) 
1.7 ± 0.2 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 
Reactor Feed 
Settled 
wastewater 
Settled 
wastewater 
Raw 
wastewater 
Raw 
wastewater 
727 
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Table 2. qPCR primer information used in the present study. 728 
Primer Name Sequence (5’ – 3’) Target Genes Annealing 
Temperature (ºC) 
Reference 
amoA-1F GGG GTT TCT ACT GGT GGT 
AOB ammonia 
oxidoreductase 
genes subunit A 
(amoA) 
55 Rotthauwe et al. (1997) 
amoA-2R CCC CTC KGS AAA GCC TTC TTC 
NSR1113f CCT GCT TTC AGT TGC TAC CG Nitrospira 16S 
rRNA genes 
60 Dionisi et al. (2002) 
NSR1264r GTT TGC AGC GCT TTG TAC CG 
nirSCd3aF AAC GYS AAG GAR ACS GG Nitrite reductase 
genes (nirS) 
60 Throbäck et al. (2004) 
nirSR3cd GAS TTC GGR TGS GTC TTS AYG AA 
nosZ2F CGC RAC GGC AAS AAG GTS MSS GT Nitrous oxide 
reductase genes 
(nosZ) 
60 Henry et al. (2006) 
nosZ2R CAK RTG CAK SGC RTG GCA GAA 
341f CCT ACG GGA GGC AGC AG Bacterial 16S rRNA 
genes 
60 He et al. (2007) 
534r ATT ACC GCG GCT GCT GG 
comaA-244F TAY AAY TGG GTS AAY TA Comammox 
Nitrospira clade A 
amoA 
52 Pjevac et al. (2017) 
comaA-659R ARA TCA TSG TGC TRT G 
729 
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Table 3. FISH probe used in the present study. 730 
Probe Name Sequence (5’ – 3’) Specificity 
% FA 
Concentration 
Reference 
EUB338a GCT GCC TCC CGT AGG AGT Most bacteria 35 Amann et al. (1990) 
Nso1225 CGC CAT TGT ATT ACG TGT GA Betaproteobacterial AOB 35 Mobarry et al. (1996) 
EUB338-IIa GCA GCC ACC CGT AGG TGT Plantomycetales 35 Daims et al. (1999) 
EUB338-IIIa GCT GCC ACC CGT AGG TGT Verrucomicrobiales 35 Daims et al. (1999) 
Ntspa662 GGA ATT CCG CGC TCC TCT Genus Nitrospira 35 Daims et al. (2001) 
a Equi-molar mix of EUB338, EUB338-II and EUB338-III was used as EUB338-MIX 
731 
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FIGURES 732 
 733 
Fig. 1. (A) Determination of YOHO,ax from the NO3-N and COD profiles and (B) 734 
quantification of sbCOD from the NOx-N profile of wastewater fractionation 735 
experiment.  736 
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 737 
Fig. 2. Measured and fitted OUR profile of respirometry experiment for PSS hydrolysis 738 
kinetic parameter estimation.  739 
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 740 
Fig. 3. Detailed profiles of NH4-N, NO3-N and DOC in selected SBR cycles during (A) P1 741 
on day 64; (B) P2 on day 113; (C) P3 on day 190 and (D) P4 on day 267.  742 
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 743 
Fig. 4. (A) Relative abundance of betaproteobacterial AOB and Nitrospira sp. to the 744 
total bacteria population and (B) normalized abundance of nirS and nosZ to bacterial 745 
16S rRNA gene copy number throughout the four operating phases.  746 
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 747 
Fig. 5. Vertical bar plot of the 25 most abundant genera in (A) the seed sludge (day 1) 748 
and (B) the low-DO-AOA sludge (day 270) sorted based on their read abundance.  749 
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 750 
Fig. 6. Neighbor-joining tree based on the Nitrospira 16S rRNA sequences showing the 751 
phylogenetic relationships of the OTUs with reference sequences in the GenBank 752 
database, rooting with Nitrosomonas-related AOB. Bootstrap values are shown in 753 
percentages of 1,000 replicates. The phylogenetic tree is pruned to show only the OTUs 754 
with percentage read abundance above 0.1% in either day 1 or day 270 sample. The 755 
heat map depicts the percentage read abundance of the OTUs on day 1 and day 270 of 756 
the SBR operation. 757 
